Background and Purpose-Evidence on the effects of coarse particulate matter (PM 10-2.5 ) on ischemic stroke is limited and inconsistent. We evaluated the acute effects of PM 10-2.5 exposure on hospital admissions for ischemic stroke in China. Methods-We conducted a national time-series analysis of associations between daily PM 10-2.5 concentrations and daily hospital admissions for ischemic stroke in China between January 2014 and December 2016. Hospital admissions for ischemic stroke were identified from the database of Urban Employee Basic Medical Insurance, which contains data from 0.28 billion beneficiaries. We applied a city-specific Poisson regression to examine the associations of PM 10-2.5 and daily ischemic stroke admissions. We combined the city-specific effect estimates with a random effects meta-analysis, and further evaluated the exposure-response relationship curve and potential effect modifiers. Results-We identified >2 million hospital admissions for ischemic stroke in 172 Chinese cities. A 10 μg/m 3 increase in PM 10-2.5 concentrations (lag day 0) was associated with a 0.91% (95% CI, 0.73-1.10) increase in hospital admissions for ischemic stroke. The association remained significant after adjusting for PM 2.5 (percentage change, 0.96%; 95% CI, 0.75-1.18). The exposure-response relationship was approximately linear, with a moderate response at lower levels (<200 μg/m 3 ) and a steeper response at higher levels. The association was stronger in cities with lower PM 10-2.5 concentrations, higher temperatures, or higher relative humidity. Conclusions-This nationwide study provides robust evidence of the short-term association between exposure to PM 10-2.5 and increased hospital admissions for ischemic stroke and supports the hypothesis that the association differs by city characteristics.
I schemic stroke is a major cause of global death and adult disability. 1 There is increasing evidence of associations between short-term exposure to ambient particulate matter (PM) and increased risk of mortality and morbidity from ischemic stroke. [2] [3] [4] [5] [6] [7] PM can be characterized as discrete particles of various sizes: PM 10 (PM with an aerodynamic diameter ≤10 μm); PM 2.5 , also known as fine particles (aerodynamic diameter ≤2.5 μm), and PM 10-2.5 , also known as coarse particles (aerodynamic diameter between 10 and 2.5 μm). To date, the vast majority of prior reports have focused on PM 10 and PM 2.5 . However, the sources, composition, and lung deposition patterns of PM 10-2.5 vary from those of PM 2.5 . 8, 9 Several studies have provided evidence that PM 10-2.5 exerts acute health effects independent of PM 2.5 . [10] [11] [12] Evidence from both epidemiological and toxicological studies indicates that short-term exposure to PM 10-2.5 exerts adverse effects on respiratory and cardiovascular health. [13] [14] [15] [16] Moreover, a systematic review of studies on the health effects of PM 10-2.5 found a high heterogeneity in effect estimates and demonstrated that the estimates differed by study-site characteristics such as geographic region and PM 10-2.5 levels. 12 In terms of stroke as the outcome of interest, a meta-analysis in 2014 concluded that there were only 7 studies examining the short-term associations between PM 10-2.5 and total cerebrovascular diseases. However, few studies, have assessed the effects on ischemic stroke, and their findings have been heterogeneous. [17] [18] [19] [20] There was no definitive evidence of a causal association between short-term exposure to PM 10-2.5 and ischemic stroke. Moreover, the majority of studies were performed in just one or several cities, limiting the ability to explore the causes of heterogeneity. To our knowledge, no study has directly examined the association between PM 10-2. 5 and hospitalization for ischemic stroke in China. 20 This represents an important area that requires further investigation.
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China's Ministry of Environmental Protection began PM 2.5 monitoring in 2013, and longitudinal data from China's basic health insurance schemes were available to researchers recently. We, therefore, conducted a national analysis assessing the effects of PM 10-2.5 on daily hospital admissions for ischemic stroke in China between January 2014 and December 2016. We also analyzed the differences in the associations by city characteristics.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Population
In our study, hospital admission records were extracted from the national database of the Urban Employee Basic Medical Insurance in China. By 2016, the database included a population of 0.28 billion urban employees in 31 provincial administrative regions (excepting Tibet, Hong Kong, Macao, and Taiwan). We identified hospital admissions for ischemic stroke from January 1, 2014, to December 31, 2016 , from a principal discharge diagnosis using both International Classification of Diseases-Tenth Revision (ICD-10) code (I63) and natural language processing (text of disease diagnosis). 21 Natural language processing has been validated as an efficient method of identifying cases in large clinical databases. 21 Patients aged <18 years were excluded from this analysis. For each admission, we extracted information on date of admission, age, and sex. Because the data used for this analysis were obtained for administrative purpose without any individual identifiers, the Ethics Committee of Peking University Health Science Center exempted this study from institutional review and waived the need for patient consent.
Air Pollution and Meteorologic Data
China's Ministry of Environmental Protection provided data on PM 2.5 and PM 10 measurements in each city. The Chinese government has mandated a series of standards or regulations governing the locations of monitoring stations and the air quality monitoring process. 22 The monitoring measurements can, therefore, reflect urban background air pollution levels 23, 24 and have been widely used as a proxy for population exposure to air pollution in China.
24-26 PM 10-2.5 levels were estimated by subtracting PM 2.5 from PM 10 measurements. 15, 18 During the study period, the missing rates were 0.87% for PM 2.5 and 0.21% for PM 10 . Days with missing information on PM measurements were excluded from analysis. Meteorologic data (daily mean relative humidity and temperature) for 2014 to 2016 in each city were acquired from a platform (http://data.cma.cn/) run by the China Meteorologic Administration.
Statistical Analysis
We applied a 2-stage analysis in this study. 18, 27, 28 We first conducted city-specific time-series analyses using a Poisson regression model. 29 We applied a natural cubic spline with 7 df per year to control for seasonality and long-term time trend in hospital admissions for ischemic stroke. 25 We also incorporated natural cubic splines with 3 df for temperature and relative humidity into the model to adjust for the nonlinear and delayed effects of weather conditions on ischemic stroke admissions. 30 Prior research has suggested that fewer stroke admissions occur on holidays, 31 thus we included indicator variables for public holidays and day of the week in the model to adjust for the difference in the baseline hospital admission rates for ischemic stroke for each day. In the second stage, the city-specific estimates were combined at regional and national levels by applying a random effects meta-analysis. 18, 32 Additionally, we combined the exposure-response relationship curves between PM 10-2.5 and daily hospital admissions for ischemic stroke at the national level, following a previously developed approach. 25, 33 We also conducted subgroup analyses by sex, age (≥75, 65-74, and 18-64 years), and geographic region (south and north). 25, 27 We divided the cities into south and north regions on a provincial level following the Huai River-Qinling Mountains line, an approach consistent with that of previous studies. 27, 34 We calculated P values for differences between subgroups based on the Z test. 35 We also explored differences in the associations by city characteristics, including cities' mean PM 10-2.5 levels, weather conditions, and gross domestic product per capita using meta-regression models. 25, 27 Three sensitivity analyses were performed to examine the robustness of the results. First, we fitted a 2-pollutant model including both PM 10-2.5 and PM 2.5 . Second, we estimated the acute effects of PM 10-2.5 on ischemic stroke using different subsets of cities with 2-or 3-year data. Third, we examined the impact of df values for time trend (6-9 per year) on PM 10-2.5 effect estimates.
We conducted all first-stage analyses in R version 3.2.2 36 and meta-analyses in Stata, version 12. 37 We reported results as percentage changes with their 95% CIs in hospital admissions for ischemic stroke for a 10 μg/m 3 increase in PM concentrations.
Results
We identified a total of 2 032 667 hospital admissions for ischemic stroke in 172 cities in China between January 1, 2014, and December 31, 2016. Eighty-six of the cities were located in southern China, and the other 86 cities were in northern China ( Figure I in the online-only Data Supplement). Table 1 summarizes the demographic characteristics of patients admitted for ischemic stroke. Table 2 presents the summary statistics of city-wide annual mean PM levels and weather conditions in the 172 cities during the study period. The averages of annual mean PM 10-2.5 , PM 2.5 , and PM 10 3 ), respectively. The averages of annual mean PM 10-2.5 , PM 2.5 , and PM 10 levels were consistently higher for cities in the north, whereas the opposite pattern was observed for air temperature and relative humidity. PM 10 was strongly correlated with PM 10-2.5 (correlation coefficient r=0.85) and with PM 2.5 (r=0.90), and PM 10-2.5 and PM 2.5 were moderately correlated (r=0.58; Table I in the online-only Data Supplement). Table 3 presents the national and regional average estimates of the associations between PM 10-2.5 and daily hospital admissions for ischemic stroke in both the single-pollutant and 2-pollutant models. In single-pollutant models, each 10 μg/m 3 increase in PM 10-2.5 concentrations (lag 0) was significantly associated with a 0.91% (95% CI, 0.73-1.10), 1.65% (95% CI, 1.31-1.99), and 0.46% (95% CI, 0.28-0.64) increase in hospital admissions for ischemic stroke for all cities, cities in southern China, and cities in northern China, respectively. After controlling for PM 2.5 in 2-pollutant models, the estimated effects of PM 10-2.5 remained statistically significant, with percentage increases of 0.96% (95% CI, 0.75-1.18), 1.90% (95% CI, 1.45-2.35), and 0.41% (95% CI, 0.22-0.61), respectively. PM 2.5 was not associated with ischemic stroke admission in the 2-pollutant models.
The national-average exposure-response curve for PM 10-2.5 (lag day 0) and daily hospital admissions for ischemic stroke were approximately linear, with a moderate slope at lower concentrations (<200 μg/m 3 ) and a sharper response at higher concentrations ( Figure) . Table 4 presents the results of subgroup analyses by sex and age. The effect estimates were not statistically significant by sex (P=0.293) and age (P=0.132). For the city-level modifiers, there were larger effect estimates of PM 10-2.5 on daily ischemic stroke admission associated with lower annual mean PM 10-2.5 levels (P=0.048) and higher annual mean temperature (P=0.006) and relative humidity (P=0.001; Table 5 ). For each 10 μg/m 3 increase in PM 10-2.5 (lag day 0), a city with 10 μg/m 3 lower PM 10-2.5 concentrations, 1°C higher temperature, and 1% higher relative humidity, would have an additional 0.051% (95% CI, 0-0.102), 0.008% (95% CI, 0.002-0.014), and 0.003% (95% CI, 0.001-0.005) increase in daily hospital admissions for ischemic stroke, respectively. We also observed a negative but not significant effect modification by gross domestic product per capita (P=0.117).
In sensitivity analyses, we obtained similar effect estimates when only analyzing the 2-and 3-year data. The percentage increase in daily hospital admissions for ischemic stroke per 10 μg/m 3 increase in same day PM 10-2.5 levels was 0.91% (95% CI, 0.73-1.10) in all cities, 1.28% (95% CI, 0.87-1.68) in cities with 2-year data, and 0.78% (95% CI, 0.58-0.98) in cities with 3-year data (Table II in the onlineonly Data Supplement). Varying the df for time trend (6-9 per year) did not affect the results substantially (Table III in 
Discussion
This study is one of few to examine the association between PM 10-2.5 and the risk of ischemic stroke. We found that shortterm exposure to PM 10-2.5 was associated with increased hospitalizations for ischemic stroke, even after adjusting for PM 2.5 . Furthermore, the associations varied in cities with different annual mean PM 2.5 levels, temperature, or relative humidity. To the best of our knowledge, this is the first national study in a developing country to evaluate the effects of PM 10-2.5 on ischemic stroke.
In a systematic review in 2014, Wang et al 20 reported mixed findings on the association between short-term exposure to PM 10-2.5 and cerebrovascular disease admissions. Of the 4 studies measuring morbidity outcomes reviewed, 20 2 reported positive associations, 1 reported a null association, and the other reported a negative association. It should be noted that all 4 studies focused on a composite end point of cerebrovascular events rather than on ischemic stroke. Using 1999 to 2010 hospitalization data for the elderly from 110 large US urban counties, Powell et al 38 found a significant association between PM 10-2.5 and cerebrovascular disease, and this association remained statistically significant after adjusting for 18 estimated the effect of PM 10-2.5 on daily mortality of ischemic stroke using data from the US National Center for Health Statistics. A 10 μg/m 3 increase in 2-day averaged PM 10-2.5 concentrations corresponded to a 0.84% (95% CI, 0.07-1.62) increase in daily stroke mortality in 47 US cities for the years 1999 to 2005, and the effects remained significant after controlling for PM 2.5 (0.71%; 95% CI, 0.02-1.41). In Japan, Yorifuji et al 39 estimated the increase in ischemic stroke mortality associated with a 10 μg/m 3 increase in same day coarse particles as 2.5% (95% CI, 0-5.0) when adjusted for PM 2.5 in elderly (≥75 years old) residents of Tokyo, although another study conducted in Japan reported a nonsignificant association between coarse particles and hospital admissions for ischemic stroke, even before adjusting for other pollutants. 40 A single-city study in Beijing, China reported significant effects of PM 10-2.5 on hospital admissions for ischemic stroke on warm days (>13.5°C). 41 The inconsistency of the findings across studies may reflect differences in study-site characteristics, such as local PM 10-2.5 levels, weather conditions, population sensitivity to PM 10-2.5 , socioeconomic status, and source and composition of the particles.
In this study, a significant association of PM 10-2.5 with ischemic stroke was observed for lag day 0 but not for lag day 1. This is consistent with the findings of a meta-analysis that reported significant effects of air pollution on stroke on the same day that decreased sharply in subsequent days. 7 A US study demonstrated that the strongest association between PM 2.5 and ischemic stroke was observed within 12 to 14 hours of exposure to PM 2.5 , indicating that exposure to air pollution may increase the risk of ischemic stroke within hours. 5 Exploring the shape of exposure-response curve for ischemic stroke in relation to PM 10-2.5 is of public health and regulatory interest. As previous studies were mainly performed in developed countries, typically with low air pollution levels, the exposure-response relationship in a real and severe air pollution environment is unknown. We previously conducted a time-series study of 63 956 first hospital admissions for ischemic stroke in Beijing and investigated the exposure-response relationship between PM 2.5 and ischemic stroke 42 ; we found a small fluctuation at low PM 2.5 levels and a steep response at high concentrations, which is in line with the present findings. The risk of ischemic stroke continued to rise as PM 10-2.5 levels increased, indicating that there was no saturation effect for ischemic stroke risk at PM 10-2.5 concentrations as high as 500 μg/m 3 . To the best of our knowledge, our study provided the first national level investigation of the exposure-response relationship between PM 10-2.5 and ischemic stroke risk.
A critical issue about the association of PM 10-2.5 with ischemic stroke is the extent to which this association is confounded by PM 2.5 . 10, 20 In this study, the association remained statistically significant after adjusting for PM 2.5 . Our results were comparable with those of several previous studies. 18, 38, 39 In this study, PM 2.5 was moderately correlated with PM 10-2.5 (r=0.58), thus reducing its likelihood as colinearity. The independent association between PM 10-2.5 and ischemic stroke indicates a substantial public health burden from PM 10-2.5 pollution.
An additional contribution of this analysis is the finding that risk for ischemic stroke associated with PM 10-2.5 exposure appeared to be modified by several city characteristics. We observed that the short-term effects of PM 10-2.5 on ischemic stroke were lower in cities with higher annual mean PM 10-2.5 levels. Our findings were in line with those of 2 recent national studies in China that reported greater effects of PM 2.5 and PM 10 on daily mortality associated with lower annual mean PM levels. 25, 27 A systematic review provided further evidence that the health effects of PM 10-2.5 were weaker in regions with higher levels. 12 The relatively weaker impact at higher PM 10-2.5 levels may be attributable to larger exposure measurement error because of reinforced public health policy and safeguard procedures to lower personal exposure (eg, wearing masks outdoors or staying at home).
Our analysis also indicated effect modification of weather conditions on the associations between PM 10-2.5 exposure and ischemic stroke. The more notable effects of PM 10-2.5 in regions with higher relative humidity were consistent with the effects reported in a national study in the United States, which found the effect size of PM 10-2.5 in a humid subtropical region was ≈5 times the effect size in a dry continental region for stroke mortality. 18 Several studies have suggested that high temperatures could enhance the acute effects of PM exposure on mortality risk. 25, 43 A time-stratified case-crossover study conducted in Beijing reported a significantly higher risk of hospital admission for ischemic stroke on warm days (>13.5°C) than on cool days (≤13.5°C). 41 There are several possible explanations for the stronger associations in regions with high temperatures. First, the high temperature is a risk factor for ischemic stroke 44, 45 ; there may be some interaction and synergy between high temperatures and PM 10-2.5 exposure in the development of ischemic stroke. Second, high temperature affects the emission, transportation, dilution, chemical transformation, and deposition of air pollutants. 46 In addition, the temperature may impact exposure patterns, and individuals are expected to spend a greater portion of their time outdoors on warm days. 47 Low gross domestic product per capita appeared to increase vulnerability to ischemic stroke associated with PM 10-2.5 exposure, but the effect modification by gross domestic product per capita was not statistically significant in this study. A multicity study in the United States demonstrated effect modification by race/ethnicity and educational attainment, both markers of socioeconomic status, on the association between PM 10-2.5 and cardiovascular mortality. 48 The effect modification in populations of lower socioeconomic status may be attributable to differences in either susceptibility or exposure. Factors such as poorer nutrition, 49 reduced physical activity, and higher prevalence of cardiovascular risk factors 50, 51 could increase susceptibility to ischemic stroke in lower socioeconomic status populations. It has been suggested that disadvantaged communities tend to suffer from higher exposures. 52, 53 Future research is warranted to validate our findings.
A notable strength of this study was that we analyzed the city-specific associations of PM 10-2.5 and ischemic stroke using a uniform statistical method, thus minimizing the impact of potential publication bias. In addition, we included 172 Chinese cities with varying PM 10-2.5 levels, weather conditions, and socioeconomic status, enabling us to assess the potential effect modification by these characteristics. Our study should, therefore, provide a nationwide representative and stable effect estimate of the association between PM 10-2.5 levels and daily hospital admissions for ischemic stroke in China.
Several limitations should also be noted. First, PM 10-2.5 levels were estimated from the differences between PM 10 and PM 2.5 measurements, and thus were subject to 2 sources of random measurement error, potentially decreasing the statistical power of detecting PM 10-2.5 effects. Because we still observed a significant association of PM 10-2.5 with ischemic stroke admissions in China, this was likely a true association. 16 Second, we used monitoring measurements to represent population PM exposure, which may lead to random error in exposure measurements. This measurement error, however, would most likely bias the effect estimates downward. 54 Third, the study population of urban employees may 
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not represent the general population; the generalizability of the findings, therefore, should be interpreted with caution. In this study, we used both ICD-10 codes and natural language processing to identify hospital admissions for ischemic stroke, which could significantly reduce the impact of coding inaccuracy. 30 As in other air pollution morbidity studies, 15, 55, 56 however, diagnostic errors existed in the large clinical database. Nevertheless, this error is unlikely to be related to PM 10-2.5 levels and is expected to cause a bias toward the null. 57 In addition, as in other air pollution morbidity studies, 15 ,55,56 we were not able to capture out-of-hospital stroke cases, which may bias our results. Stroke events, however, typically require urgent care and hospitalization. A recent national populationbased survey in China demonstrated that 86.2% of individuals with prevalent stroke and 78.1% of individuals with incident stroke were hospitalized within 7 days of stroke onset. 58 It should be noted that approximately half of the participants in that survey were from rural areas. Because of differences in economic status, educational level, and availability of health services, the hospitalization rate for stroke is expected to be higher in urban areas. Therefore, the impacts of out-of-hospital ischemic stroke cases among urban employees in our study are expected to be minor. Finally, as in other environmental health studies using large administrative health database, 15, 25, 57 we were not able to differentiate subtypes of ischemic stroke. Future studies are warranted to explore whether the effects of PM 10-2.5 vary across subtypes of ischemic stroke.
Conclusions
We found evidence of an association between short-term exposure to PM 10-2.5 and hospital admissions for ischemic stroke independent of PM 2.5 levels. The risk of ischemic stroke associated with PM 10-2.5 exposure appeared to differ by PM level, ambient temperature, relative humidity, and socioeconomic status.
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